[1] Seasonal patterns in hydrography, partial pressure of CO 2 , fCO 2 , pH t , total alkalinity, A T , total dissolved inorganic carbon, C T , nutrients, and chlorophyll a were measured in surface waters on monthly cruises at the European Station for Time Series in the Ocean at the Canary Islands (ESTOC) located in the northeast Atlantic subtropical gyre. With over 5 years of oceanographic data starting in 1996, seasonal and interannual trends of CO 2 species and air-sea exchange of CO 2 were determined. Net CO 2 fluxes show this area acts as a minor source of CO 2 , with an average outgassing value of 179 mmol CO 2 m À2 yr À1 controlled by the dominant trade winds blowing from May to August. The effect of short-term wind variability on the CO 2 flux has been addressed by increasing airsea fluxes by 63% for 6-hourly sampling frequency. The processes governing the monthly variations of C T have been determined. From March to October, when C T decreases, mixing at the base of the mixed layer (11.5 ± 1.5 mmol m À3 ) is compensated by air-sea exchange, and a net organic production of 25.5 ± 5.7 mmol m À3 is estimated. On an annual scale, biological drawdown accounts for the decrease in inorganic carbon from March to October, while mixing processes control the C T increase from October to the end of autumn. After removing seasonality variability, f CO 2sw increases at a rate of 0.71 ± 5.1 matm yr À1 , and as a response to the atmospheric trend, inorganic carbon increases at a rate of 0.39 ± 1.6 mmol kg À1 yr À1 . Citation: González-Dávila, M., J. M. Santana-Casiano, M.-J. Rueda, O. Llinás, and E.-F. González-Dávila, Seasonal and interannual variability of sea-surface carbon dioxide species at the European Station for
Introduction
[2] The global climate system is significantly influenced by the ocean. The capacity of the oceans for uptake of CO 2 depends on inorganic carbon chemistry and also to a great extent on many different factors such as hydrography, circulation of water masses, mixed layer dynamics, wind stresses and biological processes in the ocean [Broecker and Peng, 1982] . The ocean is estimated to have taken up about 30% of the CO 2 released into the atmosphere through anthropogenic activities during the last few decades. The North Atlantic Ocean, with high-latitude oceanic regions of deep water formation, midlatitude sites of mode water formation, and a subtropical oligotrophic ocean, is thought to be a large sink for atmospheric CO 2 [Tans et al., 1990; Takahashi et al., 1993 Takahashi et al., , 2002 . The Canary Islands area is a transitional zone between the northwest African coastal upwelling region and the open ocean oligotrophic waters of the subtropical gyre. They present a barrier to the relatively weak equatorward flow of the Canary Currents and to the flow of trade winds, giving rise to a variety of mesoscale phenomena south of the islands which have strong implications on the biogeochemical cycles of the region . As a result of the seasonal variability of the Trade winds, upwelling along the northwest African coast north of 25°N is strongest during the summer months [Van Camp et al., 1991] , and filaments of upwelled water have been observed to advect several hundred kilometers westward. These filaments can be observed from the Coastal Zone Colour Scanner (CZCS) observations in the region [Davenport et al., 1999] . However, upwelling filaments normally reach the islands in the south, and European Station for Time Series in the Ocean at the Canary Islands (ESTOC) normally does not receive filaments because of the barrier function of the eastern islands [Davenport et al., 1999 . In this study we present the results of 5 years' worth of investigation into the carbon dioxide system at ESTOC positioned at 29°10 0 N, 15°30 0 W, about 100 km north of the island of Gran Canaria. ESTOC was initiated in 1994 as a joint Spanish-German initiative. Samples are taken monthly at the station and are supplemented by current meter and sediment trap mooring at the site. The monthly sampling is carried out by regional cruises using the Canary Island governmental oceanographic vessel ''Taliarte,'' and, several times a year, additional German vessels in the area are used in addition. The aim of these German cruises is the validation of time-series observations over a wider region. ESTOC was also a reference station for the EU project CANIGO (1996 CANIGO ( -1999 .
[3] One of the main objectives of the station is to investigate biogeochemical cycles in this region in order to provide insight into the processes controlling the flux of carbon and associated elements in the ocean on seasonal and interannual timescales. From October 1995, monthly determination of oxygen, nutrients, and chlorophyll concentration by the ICCM (Instituto Canario de Ciencias Marinas) and the fugacity of CO 2 in the atmosphere and surface seawater, together with pH and total alkalinity in the water column by the Marine Chemistry group (QUIMA) of ULPGC were determined in order to elucidate the behavior of carbon dioxide in the area. In this first paper considering monthly data for the ESTOC site, we present inorganic carbon distributions from 1996 to 2000 together with quantification of the role the various processes play in the seasonal evolution of carbon parameters at the site. The special role played by mixing and biological activity will be addressed. A special effort was made clearly to define longterm trends for the different parameters affecting the carbon dioxide system. We compared the results obtained with other Time Series stations established, such as the Bermuda Atlantic Time-series Study (BATS), located in the northwest Sargasso Sea and in the return flow of the subtropical gyre system , and the Hawaii Ocean Time series program (HOT) located at the North Pacific Subtropical Gyre Karl et al., 2001] . More information on the goals of ESTOC and the organizational structure can be found online www.iccm.rcanarias. eswww.Ifm.uni-kiel and www.allgeo.uni-bremen.de).
Methods and Materials
[4] Hydrographic and biogeochemical data were collected at the ESTOC station each month from October 1995 onwards on board the following research vessels: BO Taliarte (36 cruises), FS Poseidon (18 cruises), FS Meteor (9 cruises), FS Victor Hensen (9 cruises), and BO Navarro (1 cruise). Hydrographic properties were measured with a self-contained CTD-SIS to a maximum depth of 1000 m (ICCM) and an OTS 1500 CTD probe (UOL) down to 3000 m for Victor Hensen cruises; 5-and 10-LNiskin bottles were used to collect water for samples. Throughout Meteor and Poseidon cruises, a MKIIIBNeil Brown CTD was used, mounted in a General Oceanic rosette sampler to which 21 Â 10 L Niskin bottles were attached. Comments on the procedures can be found in the ESTOC Data Reports [Llinás et al., 1997 .
Nutrients
[5] Samples for nutrients were analyzed in the lab following the World Ocean Circulation Experiment (WOCE) standards [WOCE, 1994] . Nutrients were determined by colorimetric methods, using a Technicon AutoAnalyzer AAII. For silicates, a modified Hansen and Grasshoff [1983] method was used, in which ß-silicomolybdenic acid is reduced with ascorbic acid. Nitrate was determined after reduction to nitrite in a Cd-Cu column. The standard deviation for duplicates was 0.07 mmol/L for silicate, 0.06 mmol/L for nitrate, and 0.01 mmol/L for phosphate. This is equivalent to 0.3%, 0.5%, and 0.8% (full-scale) reproducibility respectively.
Chlorophyll a
[6] Chlorophyll a was sampled from 200 m to the surface using 1-L polypropylene bottles. Phytoplankton pigments were collected by filtration of 500 mL of the water sample using Whatman GF/F 47-mm glass microfiber filters applying the filtration pressure recommended by the JGOFS-WOCE protocols [WOCE, 1994] . Each filter was saved in 10-mL glass tubes and frozen subsequently at À20°C. The day before analyzing, 10-mL acetone (90%) was added to each filter to extract the pigments. The filters were left in the fridge for 24 hours and then chlorophyll a was measured using fluorometric analysis according to the methodology described by Welschmeyer [1994] , using a fluorometer TURNER 2 10-AU-000.
The pH
[7] From October 1995 to June 1997, the pH T in total scale (mol (kg sw) À1 ) was measured at 25°C using the potentiometric technique. The electrodes used to measure the emf of the sample consisted of a ROSS 2 glass pH electrode and an Orion double junction Ag, AgCl reference electrode, connected to an Orion 2 720A pH meter. The electrodes were calibrated by using tris/HCl buffer in synthetic seawater with salinity 35. The pH T of the unknown seawater samples was determined according to standard operation procedures (SOP 6 [Dickson and Goyet, 1994] ). Seawater measurements of different CRM (certified reference material for CO 2 determination) samples (n = 54, batch 34) repeatedly gave a standard deviation of ±0.003 units.
[8] After June 1997, the pH T was measured following the spectrophotometric technique of Clayton and Byrne [1993] using the m-cresol purple indicator [Dickson and Goyet, 1994] . A system similar to that described by Bellerby et al. [1995] was developed in our lab. The pH T measurements were carried out using a Hewlett Packard Diode Array spectrophotometer in a 25°C-thermostatted 1-cm flow-cell using a Peltier system. A stopped-flow protocol was used to analyze seawater previously thermostatted to 25°C for a blank determination at 730 nm, 578 nm, and 434 nm. The flow was restarted, and the indicator injection valve switched on to inject 10 mL dye through a mixing coil (2 m). Three photometric measurements were carried out for each injection after mixing along the coil in order to remove all dye effect from the seawater pH T reading. Repeatedly, seawater measurements of different CRM samples (batches 35 and 42, provided by A. Dickson, Scripps Institution of Oceanography) give a standard deviation of ±0.0015 (n = 59). From April 1999 to September 1999, carbon dioxide variables were not determined at the ESTOC due to logistical problems.
Total Alkalinity
[9] The total alkalinity of seawater (A T ) was determined by titration with HCl to carbonic acid end point using two similar potentiometric systems, described in greater detail by Mintrop et al. [2000] . The total alkalinity of seawater was evaluated from the proton balance at the alkalinity equivalence point, pH equiv = 4.5, according to the exact definition of total alkalinity [Dickson, 1981] . The performance of the titration systems was monitored by titrating different samples of certified reference material (CRM, batches 32, 35, and 42) which have known inorganic carbon and A T values. The concurrence between our data and certified values was within ±1.5 mmol kg À1 .
Total Dissolved Inorganic Carbon
[10] Total inorganic carbon (C T ) was computed from experimental values of pH T and total alkalinity, using the carbonic acid dissociation constants of Mehrbach according to Dickson and Millero [1987] . This set of constants presented the closest matching of C T (pH, A T ) calculations and certified C T values for CRM, batch 42. On average, the C T (pH, A T ) values are 3 mmol kg À1 higher than certified values with a C T residual of ±3 mmol kg À1 (n = 52). C T data were corrected accordingly. Moreover, the readjusted Mehrbach dissociation constants best represent the fugacity of carbon dioxide determined from the combination of A T and pH T in surface seawater over the range of sea-surface temperature and salinities.
Experimental f CO 2
[11] After January 1997, fugacity of carbon dioxide ( fCO 2 ) in air and in surface seawater was determined using a flow system similar to the one designed by Wanninkhof and Thoning [1993] and developed by Frank J. Millero's group at the University of Miami. The equilibrator used was based on the design by R. F. Weiss and described by Butler et al. [1988] . The concentration of CO 2 in the air and in the equilibrated air sample was measured with a differential, nondispersive, infrared gas analyzer supplied by LI-COR 2 (LI-6262 CO 2 /H 2 O Analyzer). The samples were measured wet and the signal corrected for water vapor using the water channel of the LI-COR detector. The instrument was operated in the absolute mode and gathered CO 2 concentrations directly from the instrument. Atmospheric air is pumped at the bow of the ship and measured every hour. The system was calibrated by measuring two different standard gases with mixing ratios of 348.55 and 520.83 ppm CO 2 in the air. The National Oceanographic Organization provided these calibrated standards and Atmospheric Administration and they are traceable to the World Meteorology Organization scale. Our system has a precision of up to 1 matm and is accurate, for standard gases, to 2 matm. Fugacity of CO 2 in seawater was calculated from the measured x CO2 .
Results and Conclusions

Hydrographic Variability
[12] The ESTOC site undergoes a seasonal variation in surface temperature of 4°-6°C (from 18°C to 24°C), which is 4°-5°C less than that reported for BATS of 8°-10°C [Michaels et al.,1994; Bates, 2001] (Table 1) and is in a similar range (from 23°C to 27°C) as for HOT [Karl et al., 2001] . The ESTOC presents the lowest temperature of these three midlatitude stations. The combined effect of the Canary Current and the northwest African coastal upwelling is responsible for this situation, as can be observed from surface thermal images and distributions (Figures 1 and 2) . (Figures 2 and 3 ). The seasonal thermocline is located at around 35-150 m (following Brainerd and Greg [1995] ) reaching its maximum stratification in September -October, when the SST reaches 24.1°C (in 1997) and only 22.7°C (in 1996) . The fluctuation of the mixed-layer depth at the ESTOC ranged from 150 m (year 2000) and 100 m from February to April, to <30 m during summer. Again, winter mixing at BATS reached much lower depths than at ESTOC (>250 m, Table 1 ) and was also favored by stronger wind in this area during this season. During the first 3 years, 1996-1998, the mixed layer was related to the 19°-20°C isotherms, within a range of 40-100 m. During the 1999 -2000 period, the range became longer and cooler, partly because of the18°-19°C isotherm ( Figure 2 ). In the subsurface seawater, from 1996 to 1998, a relatively stable thermal distribution was observed, whereas during the 1999 -2000 period, a larger oscillation was seen. The 18°C isotherm reached a depth of less than 25 m in February 1999 and over 150 m in January 2000.
[14] The related mixed layer cycle gives rise to a nutrient pump over the euphotic zone, favoring phytoplankton bloom and a period of increased primary production in the mixing layer. Winter mixing increases the nitrate and phosphate depleted water over the mixed layer in the first 75 m to 1.5 mmol kg À1 and 0.11 mmol kg
À1
, respectively, whereas during the rest of the year the levels were close to detection limit (Figure 1 ). At 200 m, the typical value of nitrate + nitrite (N + N) is 5 mmol L
, with maximum and minimum values related to the displacement of the coupled nitracline and thermocline. However, silicate distribution in the surface waters shows high values (around 2 mmol L À1 ) where N + N and P are very low; thus, this nonmetabolic supply is related to the arrival of Saharan dust at ESTOC [Pérez-Marrero, 1998 ]. This nutrient supply during winter mixing increases chlorophyll a concentration to 0.25 mg L À1 over the whole water column. In spring, bloom is reduced on the surface, giving the deep of chlorophyll maximum (DCM) at around 100 m with values of 0.3 mg L
, decreasing in depth and in value through autumn to 75 m and 0.2 mg L À1 , respectively. As a rule, the highest chlorophyll a concentrations are associated with the 18°C and 20°C isotherms. When these isotherms reach the sea surface, the highest chlorophyll a values are also to be found in surface water. The highest chlorophyll a values (0.7 mg C L À1 ) were observed during 1999, when the 18°C isotherm reaches the surface water. The year 1998 gave different readings, with the highest values being found during summer-autumn. In addition, during 1999, a second chlorophyll sub-maximum was observed over the same period. This situation may be due to remnants of upwelling filaments but can also be due to local (or mesoscale) enhancements of production (breaking internal wave, passage of eddy or meddy) (following Davenport et al. [1999 Davenport et al. [ , 2002 ) (Figure 1) . Moreover, the DCM is associated with the nutricline and the maximum of surface oxygen (data not shown), which follows a similar seasonal cycle to that observed in BATS [Michaels et al., 1994; Michaels and Knap, 1996] Rios et al., submitted manuscript, 2002) .
[16] Surface alkalinity ( Figure 3) shows an average variation of 25 mmol kg À1 , quite similar to levels found for the BATS site of 30 mmol kg À1 [Bates, 2001] . The lowest values were recorded in March 1996 (2398.6 mmol kg average value obtained for the North Atlantic, 2291 mmol kg À1 ] and is close to that obtained for BATS, 2284.0 ± 4.2 mmol kg À1 [Bates, 2001, . However, it was lower than the variation of 45 mmol kg À1 yr À1 found in BATS [Bates et al., 1996] . The values of normalized C T found in BATS during the period between 1988 -1993 were higher than the ESTOC readings, ranging from 2010 mmol kg À1 to 2065 mmol kg À1 .
[18] A characteristic seasonal pattern of C T distribution was observed each year similar to that observed at BATS and HOT, with a spring (April -May) maximum of C T in superficial waters, a spring-summer (May -August) decrease of C T , a late summer-autumn (September-October) minimum, and an increase of C T during autumn-winter (November- GONZÁ LEZ-DÁ VILA ET AL.: SEA-SURFACE CARBON DIOXIDE AT ESTOC March). The annual variability of C T at the ESTOC site is strongly correlated with mixed layer temperature. C T in the upper ocean is primarily controlled by the factors which govern salinity and other nonconservative processes, such as photosynthesis, oxidation of organic matter, air-sea exchange of carbon dioxide, and precipitation and dissolution of calcium carbonate [Lee et al., 2000] . Surface C T algorithms are useful for studying several aspects of the marine carbon system. Empirical algorithms of C T with SST have been presented by Lee et al. [2000] for the major ocean basins using various available data sets. We have applied an algorithm to the 5 years' worth of data at ESTOC. Corrections were applied to account for surface water C T increases due to rising atmospheric CO 2 concentration (see below). A single relationship was determined over the period of a year between total normalized inorganic carbon at a constant salinity of 35, NC T and SST, for surface data at ESTOC, where the SST changed between 18 and 24°C. 
In this area, part of the seasonal surface C T variation is removed by normalizing the results to a constant salinity. NC T increases during seasonal cooling, due to the convective mixing of deep waters rich in NC T . In the springtime, surface warming facilitates phytoplankton bloom, decreasing surface C T . However, this contribution to the oligotrophic station is very small (nitrate + nitrite concentration never reaches 0.5 mmol kg À1 in the first 50 m), and thus changes in NC T are inversely correlated with the SST. In order to compare our data with those at BATS presented by Lee et al.
[2000], a second relationship with a reference temperature of 29°C was used.
[19] Our values at temperatures higher than 29°C are 15 mmol kg À1 higher than the reading of 1940 mmol kg
determined with the BATS data. Because the various factors contributing to the surface C T concentration associated with the SST (transport, biological, and thermodynamic effects) differ geographically, these variations can be attributed to the west and east position in the North Atlantic subtropical gyre, with relatively cold surface waters, as was hypothesized by Lee et al. [2000] . annual cycle presents the characteristic minimum values (320-330 matm) in winter and maximum in summer (390-400 matm). The interannual increase of fCO 2sw is 1.3 ± 20 matm yr À1 close to the value reported for BATS of 1.4 matm yr À1 [Bates et al., 1996] . The fCO 2air is slightly higher in winter than in summer, with a variation of 7 matm and an interannual increase of 1.5 matm yr
. When we compared the ESTOC fCO 2sw data with the BATS fCO 2sw data, the seasonal pattern was the same in the two stations. BATS presented a higher seasonal variability for pCO 2sw of 90-100 matm during the annual cycle. The highest values of pCO 2 were found in late summer (390 -410 matm) and the lowest values (310 -320 matm) in winter.
[21] Variability in seawater fCO 2 is closely linked to temperature variability, reflecting a dominant control of temperature over the f CO 2 in the Canary Island region (Rios et al., submitted manuscript 2002) . Following Abraham and Ledolter [1983] , time series of fCO 2 in seawater and SST for ESTOC were mathematically related by decomposing the series by trend, seasonal component, and error using harmonic functions, 
with r 2 = 0.979 and n = 60. Here t is time in months after January 1996. The linear trend of f CO 2 , between 2 consecutive years at a constant temperature, gives an average annual increase of 1.23 matm, with a 95% degree of confidence,
[22] The surface water in the ESTOC station is CO 2 undersaturated from December to May, acting as a CO 2 sink and oversaturated from June to November, acting as a source of CO 2 [González-Dávila et al., 1998; SantanaCasiano et al., 2001] . Flux of CO 2 is primarily driven by wind strength and the difference in the CO 2 fugacity in the surface mixed layer and that of the overlying atmosphere. The Canary Islands wind data (Figure 4) are affected by the permanent Azores anticyclone, which provides predominant trade winds blowing northeast between the end of May and the beginning of September. During the rest of the year, the wind is quite constant with values around 5 ± 2 m s À1 . However, it is during the presence of the predominant Trade Winds when the speed increases reach 12 ± 3 m s
, just when the surface water is becoming CO 2 oversaturated. These combined effects make, on annual scales, the ESTOC station act as a minor source of CO 2 with a rate of 0. . The maximum outgassing rate is in ) and the maximum rate of ingassing is in February -March (À6 mmol m À2 d
). Moreover, the high degree of wind speed variability observed in Figure 4 for this area will affect the final airsea CO 2 flux due to the nonlinear relationship between wind speed and the CO 2 gas transfer coefficient. In order to gain insight into the wind variability effect [Bates and Merlivat, 2001 ] on the carbon dioxide flux for the ESTOC site, the following approach was applied. The SST computed each 6 hours from AVHRR images at ESTOC site was provided by the Laboratoire d'Etudes en Gèophysique et Océano-graphie Spatiale (LEGOS, Toulouse), while salinity values were linearly interpolated to the time over which the wind data were sampled. Applying the relationship between f CO 2,sw , temperature and time (equation (3)), the f CO 2,sw was computed at each wind time. The f CO 2,air was linearly interpolated between known values. Following the Wanninkhoff [1992] relationship, the estimated flux was computed and presented together with the flux on the sampling days at the ESTOC in Figure 4 . Short time variability from days to weeks was expected due to warming and cooling of the surface layer associated to the diurnal thermal cycle. These effects were not considered in the previous study where we looked at sampling days on a monthly frequency. Following Bates et al. [1998] results on CO 2 fluxes near Bermuda, the high level of daily variation in CO 2 , 10-14 mmol m
À2
, is related to daily wind variability as high as 10 m s À1 . Moreover, in a daily cycle, fCO 2 variability of around 5 -7 matm was strongly correlated to the temperature increase at ESTOC of 0.5°-0.6°C from early morning to the afternoon, which has been taken into account in the harmonic formula. On annual timescales, net CO 2 fluxes on ESTOC were positive (outgassing) with an average value of 179 mmol CO 2 m
. This value is 63% higher if we consider a 6-hourly sampling frequency of wind instead of a monthly frequency. This reinforces the previous finding by Bates and Merlivat [2001] on the influence of short-term wind variability on air-sea CO 2 exchange. This reading was generally found to be constant, except for 1999 where an ingassing of 340 mmol CO 2 m À2 was obtained, relating to the lowest temperature found during deep winter mixing layer formation and a maximum of chlorophyll for ESTOC during these 5 years. The highest net annual flux was found in 1997 and 1998: 544 and 425 mmol CO 2 m ) data determined at a station located at the International Airport of Gran Canaria every 6 hours. Open circles are the data determined on board for each CO 2 sampling time. (b) Flux of CO 2 determined considering both wind data each 6 hours and f CO 2 data after equation (3), and considering only CO 2 experimental data and wind data as in Figure 4a (open circles).
the CO 2 gas transfer coefficient of Wanninkhof [1992] and climatological wind data. In order to improve our knowledge and the effect of short-term wind variability, a continuous and autonomous SAMI-CO 2 system and a meteorological station are going to be deployed in the ESTOC site, under the European project ANIMATE.
Annual Cycle of Average Sea Surface f CO 2 (Matm) Versus SST (°C) for the ESTOC Station
[23] Equation (3) revealed that surface CO 2 largely responded to temperature changes over the different seasonal timescales. The linear regression slope for all data was 12.4 matm°C À1 with a root-mean square standard deviation (rms) around the regression line of ±7.22 matm. (Table 2) . Bates et al. [1996 Bates et al. [ , 1998 found that the annual cycle of pCO 2 in the Sargasso Sea could be subdivided into different seasonal time periods with different temperature-pCO 2 relationships. The annual cycle of the average fCO 2 as a function of the average SST for the ESTOC station is shown in Figure 5 . From a thermodynamic perspective starting from an fCO 2 equal to 339 matm (March 1997) the temperature increase, at a constant C T (2101 mmol kg À1 ), would lead to an fCO 2 increase of 15.02 matm°C
À1
. However, between March and September, the slope is only 12.12 matm°C À1 as a consequence of the C T decrease, due first to biological activity and second to the CO 2 outflux. The thermodynamic conditions during the cooling period, from October onward, with a lower C T concentration (2096 mmol Kg
) and a temperature of 24.1°C, would produce an fCO 2 decrease of 14.5 matm°C
. From January to March, the f CO 2 value increases due to winter mixing. The corresponding linear regressions and the rms errors for the three seasonal periods are presented in Table 2 . The rms errors are now much smaller (±3.10 matm during autumn-early winter and ±4.28 matm during springsummer). During the mixing period in winter, the rms errors were slightly lower than the annual relationship. These temporal relationships of fCO 2 and equation (3) can be used to predict the surface fCO 2 from satellite observations or surface mooring.
Total C T Variability (DC T ) and Contributions
From the Air-Sea Flux (DFCO 2 ) and Biological and Mixing Pumps in the Mixed Layer From 1996 From -2000 In order to establish the relative importance of the airsea flux and the biological pump in C T variability over the period studied, total C T variation was calculated as the difference between 2 months expressed in mmol m À3 , (DC T = m 2 À m 1 ). Seawater density is therefore also taken into account. Positive values mean an increase of C T in the upper mixed layer. The variation in C T between two series of measurements, DC T , then
The variation of carbon due to air-sea CO 2 exchange, DC T,exch , was assessed from the monthly averages of FCO 2 determined each 6 hours and the average value of the mixed layer (h 1/2 ) between the two consecutive months (DFCO 2 /h 1/2 ). DC T,mix , the changes in C T due to mixing, can be estimated from C T distribution and from the physical structure of the mixed layer. The evaluation of changes in C T due to biological processes can be obtained from the difference DC T -DC T,exch -DC T,mix .
[25] Salinity variations in surface waters around ESTOC site can largely be explained by a balance between vertical exchange and surface evaporation/precipitation [Pelegrí et al., 2003] . However, filaments originating at Cape Ghir in the northwest African coastal upwelling area are a rather ubiquitous feature and usually stretch offshore over 150 km [Van Camp et al., 1991] . Following CZCS data and AVHRR sensors, Davenport et al. [1999] suggested the Cape Ghir filament should at least be considered a possible source of advected trap material in traps deployed at 3000 m depth. These authors also indicate that higher chlorophyll values around October in ESTOC could be the result of temporal advection of surface water from the northeast African upwelling area and local enhancements of production. Salinity of the surface water at the ESTOC site varied seasonally between 36.6 and 36.9. Vertical mixing, which occurs principally in winter from October onward, can contribute to this salinity variation since surface water is mixed at that time with water at around 150 m and salinities of 36.2 -36.3. For this season, a linear relationship between salinity and C T has been found for ESTOC between the base of the mixed layer and the first 400 m with a negative rate of 50.36 (±3.04, r 2 = 0.923) mmol kg À1 psu
À1
. A similar slope was found on horizontal transepts in winter around the ESTOC site during the CANIGO project [Santana-Casiano et al., 2001; Pérez et al., 2001] . At the end of summer, Figure 5 . Seasonally differentiated f CO 2 -temperature relationships considering the full set of data. Regression lines for each period are those shown in Table 1 . salinity variations may be also due in part to horizontal advection. In order to estimate the role of such advection on the C T concentration in surface water, the relationship between C T and salinity in surface water in a section between ESTOC and a station located close to the upwelling African area in the vicinity of Cape Ghir carried out during at the end of October 1999 was examined [Pelegrí et al., 2003] . The C T and salinity variations are, on average, in a ratio of 65 (±2.38, r 2 = 0.872) mmol kg À1 psu À1 , which is only slightly higher than the C T /S ratio that should be observed in presence of only evaporation or precipitation processes (about 60). This result shows a small effect of advection on the surface values for inorganic carbon at ESTOC during this cruise. To take into account the C T variations due to salinity variations, the C T values (in mmol m
À3
) were normalized to an average salinity of 36.8 using the ratios DC T /DS = 50 mmol kg À1 psu À1 from November to March and DC T /DS = 65 mmol kg À1 psu À1 from April to October [Bégovic and Copin-Montégut, 2002] .
[26] Following Bégovic and Copin-Montegut [2002] , the changes in C T due to mixing were determined, after this normalization, as the entrainment of water into the surface layer and the vertical diffusion across the lower boundary of the mixed layer,
where h is the mixed-layer depth at the time t, K z is the vertical diffusion coefficient (from 3 to 8 m À2 d
À1
) at the base of the mixed layer (determined according to the formula of Denman and Gargett [1983] ). According to this model, only the deepening of the mixed-layer induces mixing with the underlying waters (Â = 0 when dh/dt 0). In our study, C Tf is the C T concentration for the month m 1 at the depth of the mixed layer for the month m 2 .
[27] Figure 6 shows the monthly variability of each contributor on equations (4) and (5) for the 5 years period studied. The monthly change in C T induced by air-sea exchange DC T,exch was important in summer when outgassing of CO 2 took place and the mixed-layer depth reached around 30-40 m. During the ingassing period from December to May, the DC T,exch was low (lower than 1.5 mmol m À3 ) since the mixed layer was thick. During the period when C T was decreasing (from March to October) ( Figure 7 ) the airsea exchange also contributed to decreasing C T in surface waters (Figure 7b ) with values from À8 mmol m À3 (2000) to À18 mmol m À3 (1997) . During the periods of C T increase (from October to March), air-sea exchange also increased by 2 ± 1 mmol m
À3
, representing only 3% (1997) to 10% (1999) of the total C T increase (Figure 7b) .
[28] Mixing processes always increase C T since C T increases with depth. The diffusive flux was important at the end of autumn when the density gradients were low and the mixed layer was deep. The contribution due to the entrainment of water started just when the surface C T began to increase as a result of the descent of the mixed layer; this contribution does not take place from March -April onward (Figure 6b ). The total changes in C T due to mixing when C T was increasing from October to March (Figure 7b ) were as high as 34 ± 4 mmol m À3 , representing 130% of the increase in C T in 1996 and 1997 and 107% in 1999 . During the period from March to December when C T was decreasing, the mixing processes increased C T by 11.5 ± 1.5 mmol m
, decreasing the net effect of both air-sea exchange and biological activity.
[29] The biological consumption/respiration of carbon deduced from this model gives us an estimate of the real values due to the errors associated with vertical mixing and air-sea exchanges determinations. Moreover, lateral advection can be underestimated due to the lack of data. The calculated biological changes give us a photosynthetic production from February to August (to September in 2000) with the highest values during April. From November to January, a higher respiration activity could account for the positive C T increase of 3 ± 2 mmol m
. The total biological carbon uptake during the C T decreasing period from March to October was 25.5 ± 5.7 mmol m À3 (1999 was not considered in this calculation). These values represent between 80% (1997 and 1998) and 110% (1996 and 2000) of the total C T decrease. When the C T increases from October to March, a lower biological carbon uptake of 7 ± 2 mmol m À3 is deduced from equation (4) . Moreover, at ESTOC, C-export was only 0.2 mol C m À2 yr À1 (Table 1) , resulting in an annually averaged export ratio of only 0.02 for the Canary Island station. This lower export production, when interpreted in a new production context, is indicative of a lower supply of new nutrients into the productive euphotic zone. Neuer et al. [2002] also compare yearly integrated PP and C-export for the two oligotrophic sites, ESTOC and BATS, showing a slightly lower mean PP values at the ESTOC while C-export was only about 20% of the 1 mol C m À2 yr À1 observed at BATS. The lower input of new nitrogen both by smaller mesoscale eddy activity and ) due to air-sea exchange with atmosphere (DC T,exch ), mixing processes at the base of the mixed layer (DC T,mix ), and biological production (DC T,bio ) for the periods of C T increase and decrease. lack of significant nitrogen fixation at ESTOC compared with BATS [McGillicuddy et al., 1999] are concluded from their results. These differences, together with differing temperature seasonal variability and wind regime, could also explain the observed differences in the carbon system variables between these two stations at both sites of the same subtropical Atlantic gyre. In order to improve our observation of the carbon cycles, further projects are planned. These include the use of a SOMMA-type system directly to determine C T in the water column and the determination of primary productivity and 13 C and 14 C together with several cruises from ESTOC to the upwelling area in order clearly to describe the effect of filaments and horizontal advection on the carbon cycle at the ESTOC site.
Trends in the Carbon Dioxide Parameters
[30] The variability of pH, C T , and f CO 2 in the area is the result of both the annual heat pattern and the strong wind forces which regulate biological production in the area. While surface alkalinity has a seasonal variability of 25 mmol kg À1 over the 5-year observation period, the NA T ESTOC data showed scant variability from the mean of 2291.5 ± 2.5 mmol kg
À1
. From 1996 to 2000, surface A T did not show any noticeable increase which might contribute to the observed f CO 2 . In order to remove seasonal variability in the sea surface temperature, the pH T , NC T , and f CO 2 data were treated using the SPSS program (version 10.0) and the routine trend cycle (Figure 8) . From 1996 to 2000, detrended NC T (at salinity S = 36.8) concentration measured at the Canary Island station showed an annual increase of 0.39 ± 1.6 mmol kg À1 yr
. A larger error of ±9.1 mmol kg À1 yr À1 in nondetrended NC T reflects the seasonal variability of surface C T . The BATS station shows that from 1988 to 1998, surface NC T increased at a rate of 1.6 ± 5.8 mmol kg À1 yr À1 after seasonal variability was removed (Table 1) . However, when the data corresponding to 1993 -1998 (a 5-year period, as in our study) were considered, a much smaller increase in NC T could be inferred [Bates, 2001; personal communication, 2003 ]. Detrended sea surface temperature does not follow any noticeable trend. What can be observed is that the highest temperatures over these 5 years were recorded in 1997, when the detrended values increased 0.95°C with respect to 1996. Moreover, our 5 years of observations show an increase for f CO 2 in surface seawater. If seasonal detrended f CO 2 data are considered, seawater f CO 2 increases at a rate of 0.71 ± 5.1 matm yr À1 . This increase should theoretically produce in itself a 0.42 mmol kg À1 yr À1 increase in NC T , similar to the observed detrended value. As was expected, pH t -25°C is affected by the increase in f CO 2 , decreasing over these 5 years at a rate of 0.0015 pH units yr
. Relatively small annual trends and higher associated errors can be explained if we bear in mind that the sampling period is not long enough adequately to resolve a rate of NA T and NC T increase, given the errors associated with both seasonally detrended or nondetrended data. Similarly, no interannual variability of hydrographic properties during this period was discerned. From a statistical point of view, a series of 10 years of observations is necessary adequately to describe the interannual trends of CO 2 concentration in the Northeast Atlantic subtropical gyre, as is the case at the BATS and ALOHA sites [Bates, 2001; Winn et al., 1998 ].
Conclusions
[31] From the data obtained during the time period between 1996 and 2000, we can conclude that at the ESTOC station, sited in the subtropical east Atlantic, a quasi-equilibrium is achieved by a balance between late winter CO 2 uptake and late summer outgassing. However, the predominant trade winds blowing in this area during the summer time favor CO 2 outgassing at a rate of 0.18 mol m 2 yr À1 . During this period, from March to October, C T decreases (30 -35 mmol m
À3
). Mixing at the base of the mixed layer (11.5 ± 1.5 mmol m À3 ) is compensated by the air-sea exchange, while a net organic production of about 25.5 ± 5.7 mmol m À3 is estimated, constituting between 80% (1997 and 1998) and 110 % (1996 and 2000) of the total C T decrease. On an annual scale, mixing processes control the C T increase from October to the end of autumn, while biological drawdown accounts for the decrease in inorganic carbon from March to October. A relatively low f CO 2 increase, 0.71 ± 5.1 matm yr
À1
, after removing seasonal variability, was determined after 5 years of study at the ESTOC, as compared to the 1.4 ± 10.7 matm yr À1 increase observed in the 10-year study at BATS. Increased temperature and salinity seasonal variability and wind regimes, together with higher input of new nitrogen both by smaller mesoscale eddy and nitrogen fixation at BATS with respect to ESTOC, may account for the observed differences between both stations of the subtropical North Atlantic. Ten years of study are now planned to improve our knowledge of the role of the processes controlling carbon dioxide variability in the open ocean time series station ESTOC.
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